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Abstract  
Chloroviruses are large, plaque-forming, double-stranded DNA viruses that infect chlorella-like 
green algae that live in a symbiotic relationship with protists. Chloroviruses have a genome from 
290 to 370 kb, and they encode as many as 400 proteins. One interesting feature of chloroviruses 
is that they encode a potassium ion (K+) channel protein named Kcv. K+ channels are essential 
proteins for life. They cross the membrane of the cell to quickly and selectively allow K+ in or 
out of the cell. This helps regulate the electrical charge of a cell which in turn helps control 
electrical signaling in the cell. Potassium ion channels encoded by chlorovirus ATCV-1 that 
infect Chlorella heliozoae (SAG) is one of the smallest known functional potassium ion channel 
proteins consisting of 82 amino acids. The ATCV-1 virus Kcv gene has similarities to the family 
of two transmembrane domain K+ channel proteins: consisting of 2 transmembrane domains with 
a pore region in the middle making it an ideal model for studying K+ channels. Ninety Kcv genes 
from geographically distinct SAG viruses were sequenced to assess their genetic diversity. Of the 
90 Kcv genes, there were 35 unique DNA sequences that translated into 26 unique amino acid 
sequences. The most conserved region of the Kcv protein was the filter, the turret and the pore 
helix were fairly conserved, and the outer and the inner helices of the Kcv protein, which are the 
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Introduction 
 Chloroviruses are large, plaque-forming, double-stranded DNA viruses that infect certain 
chlorella-like green algae that live in a symbiotic relationship with protists. They are classified as 
giant nucleocytoplasmic large DNA viruses (NCLVDs) belonging to the family 
Phycodnaviridae. They are ubiquitous and have been isolated from freshwater ponds, lakes, and 
rivers across the globe. There are four groups of chloroviruses based on the host they infect; 
viruses that infect Chlorella variabilis NC64A (they are called NC64A viruses), viruses that 
infect Chlorella variabilis Syngen 2-3 (they are called Syngen viruses), viruses that infect 
Chlorella heliozoae SAG 3.83 (they are called SAG viruses), and viruses that infect Micratinium 
conductrix Pbi, (they are called Pbi viruses). The most studied chlorovirus is the type species 
Paramecium bursaria chlorella virus 1 (PBCV-1), which is an NC64A virus and lives in 
symbiosis with Paramecium bursaria (Van Etten & Dunigan, 2012).  
Figure 1. A. Chlorella algae grown with PBCV- 1 (left) and without PBCV-1 (right) (Courtesy of 
Irina Agarkova), B. plaque assay with Chlorella algae cells infected with PBCV-1 (James L. Van 
Etten & Dunigan, 2012).  
A.  B.  
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 The structure of a chlorovirus is an icosahedral shape with a spike-structure at one of its 
vertices (Figure 2.). The capsid consists mostly of one major glycoprotein which is named the 
major capsid protein (MCP). Additionally, some of the glycoproteins in the capsid contain fibers 
that extend out of the capsid (Van Etten & Dunigan, 2012). The outer icosahedral capsid 
surrounds and protects a lipid bilayer membrane. The spike-structure and the membrane are 
important during cell infection. The spike initiates infection by attaching the virus to the host, 
then, after virion-associated enzyme(s) penetrate the cell wall, the virus’s lipid membrane fuses 
with the host’s cell membrane.   
Figure 2. Cryo-EM structure of PBCV-1. (A) Major capsomers form trisymmetrons and 
pentasymmetrons. The vertex with a spike structure is at the top. (B) Cross-section of the 
cryoEM density. (Scale bar: 500 Å.) (C) The same view as in B but colored radially, with red 
density being less than 680 Å, yellow being 680-745 Å, green being 745- 810 Å, light blue being 
810-880 Å, and dark blue greater than 880 Å. (Cherrier et al., 2009). 
From the initial point of contact to fully infectious virions, chloroviruses can replicate in 
6-8 hours. Within 5 minutes post infection (p.i.), the first transcripts can be detected. After 60 to 
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transcribed. In 180 to 300 minutes p.i., the virions are assembled in specific regions of the 
cytoplasm (referred to as virus assembly centers), and after 6-8 hours p.i., the host cell lyses, 
releasing mature virions from the host cell (Van Etten et al., 1983).  
 The genome of the type species, PBCV-1, is 331 kb. PBCV-1 encodes 416 coding 
sequences (CDSs) and 11 tRNA genes. About half of identified CDSs resemble proteins of 
known function including some that are novel for a virus. One protein that PBCV-1 encodes is a 
K+ channel protein that is 94 amino acids long. When this protein was discovered, it was the 
smallest known protein to form a fully functional K+ channel (Van Etten et al., 2002). The K+ 
channel gene is named Kcv after K+ chlorella virus. K+ channels are essential for sustaining life. 
They are placed within a cell’s lipid bilayer membrane to selectively allow the passage of K+ into 
and out of the cell. Cells rely on electrical signaling for proper function, and K+ are key ions in 
this process. By only allowing the entrance or exit of K+, these channels play a role in regulating 
the overall electrical charge in the cell.  
K+ channels are found in every living cell, but the complexity of them varies from 
organism to organism (Figure 3). The simplest form is the pore module, which is how Kcv is 
characterized. It consists of two transmembrane domains with a pore domain in the middle. A 
functional channel requires four pore modules. Hence, four of these simple proteins assemble to 
form a functional channel. However, there are other variations of K+ channels in other 
organisms. There are K+ channels with 4 transmembrane domains composed of 2 pore modules 
linked together, K+ channels with 6 transmembrane domains composed of a pore module with 4 
extra transmembrane domains, and K+ channels with 8 transmembrane domains composed of 2 
pore modules linked to 4 other transmembrane domains. Of each variation, the functional part of 
the protein is the pore module. This is conserved in each type of K+ channel (Thiel et al., 2011). 
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As each variation of K+ channel gets bigger, the intricacies of how it functions gets more 
complex. Since the viral Kcv gene is one of the smallest and simplest, K+ channels consisting of 
only the basic functional units for all K+ channels, they make a great model to study. From this 
basic model, more can be learned about how K+ channels function in terms of selectivity, gating, 
and blocking.  
Figure 3. A. The four classes of K+ channels; 2 transmembrane (TM)/1 pore (P), 6TM/1P, 
8TM/2P, and 4TM/2P (Choe, 2002). A functional channel requires four pore domains. B. Ribbon 
model of basic K+ channel protein with K+ (red) and water (purple) (Zhou et al., 2001).  
As said above, the PBCV-1 Kcv gene is small and simple. It is a pore module which 
means it has a transmembrane domain, then a pore domain, then another transmembrane domain, 
and it comes together as a tetramer to form the pore (Figure 4). It shows some similarities to 
KcsA (K+ channel of Streptomyces A), which is a bacterial pore module K+ channel, except Kcv 
does not have cytoplasmic C- and N-termini tails. PBCV-1 K+ channels have been tested in frog 
(Xenopus laevis) oocytes by using complementary RNA of the Kcv gene. The oocytes exhibited 
A B 
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fully functional K+ channels that were highly selective for potassium and rubidium, less selective 
for cesium, and had extremely low selectivity for sodium and lithium (Gazzarrini et al., 2003).  
Figure 4. A. Predicted Kcv gene topography.  B. Top-down view through a pore made up of four 
proteins. 
It is suspected that the K+ channel in chloroviruses is essential for viral replication. When 
a chlorovirus infects a cell, the lipid bilayer membrane of the virus fuses with the host’s cell 
plasma membrane. It is hypothesized that the Kcv channel is located in the virus’s internal 
membrane, and once the two membranes are fused, the K+ channels become part of the host’s 
membrane. This allows viral Kcv to depolarize the host cell membrane. Studies have shown that 
after PBCV-1 infection, the host cell membrane becomes depolarized, but this did not happen 
normally in the host without the virus present. Also, Kcv is sensitive to known potassium 
channel inhibitors like Ba2+ and Cs+. Plaque assaying PBCV-1 infected cells in the presence of 
K+ channel blockers showed reduced plaque formation indicating that virus infection is blocked 
by Ba2+ and Cs+ (Mehmel et al., 2003). This shows that the Kcv gene plays a functional role in 
chlorovirus replication. 
 Potassium ion channels are present in all domains of life, and their origin can be traced 
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K+ channel precursor. It is also widely accepted that viruses can “steal” genes from their host’s 
genetic material and incorporate it into their own. However, it was speculated that this is not the 
case for Kcv. Studies were performed on how closely related chlorovirus Kcv genes are to their 
respective host’s K+ channel gene. Different chloroviruses infect different Chlorella-like green 
algae, so if the chloroviruses obtained their Kcv gene from “stealing” it from their host, then the 
chlorovirus Kcv should be closely related to their respective host’s K+ channels gene. This was 
found not to be the case. Phylogenetic analysis concluded that chlorovirus Kcv genes are more 
closely related to each other than they are to their respective host’s K+ channel gene. This goes 
against the perceived idea that virus genes are taken from a host’s genetic material. Since Kcv 
genes are simplistic and encode a K+ channel that is one the most basic functional K+ channels, 
this serves as a good building block that, through time and evolution, could evolve into more 
complex K+ channels. The question can be asked, if K+ channels from chloroviruses precede 
their host’s K+ channels, could K+ channels be the ancestor to all K+ channels? (Thiel et al., 
2013).  
PBCV-1 is the most commonly studied chlorovirus, and when the PBCV-1 Kcv gene was 
discovered, it was the smallest functional K+ channel of 94 amino acids. We now know that there 
are even smaller K+ channels, and chlorovirus, ATCV-1, encodes a Kcv gene of 82 amino acids. 
This is the smallest known Kcv gene and one of the smallest known K+ channels proteins. 
ATCV-1 belongs to the group of SAG chloroviruses. Expression studies established that ATCV-
1 Kcv makes a fully functional, selective channel in frog (Xenopus laevis) oocytes (Gazzarrini et 
al., 2009). Since chlorovirus K+ channels are simple and smaller than most other known K+ 
channels, they make a great model to study K+ channels.  SAG Kcv is the smallest among 
chloroviruses making it an ideal model protein for understanding the relationship between its 
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structure and function. The focus of this study is to isolate and analyze the sequence diversity of 
the SAG Kcv gene from 90 chloroviruses that come from freshwater collected throughout the 
world.  
Materials and Methods 
 Water samples were collected from lakes, ponds, and rivers from around the United 
States, Germany, and Chile (Supplementary Table 1). The samples were filtered using filters 
with a pore size of 0.45 µm. Chloroviruses were then isolated from the filtered water samples 
using a plaque assay on a Chlorella SAG 3.83 alga lawn. For the plaque assay, plates were made 
using Modified Bold’s basal Medium (MBBM) 1.5 % agar with tetracycline added at 10 µg/ml 
(Van Etten et al., 1983). Each plate was filled with about 20 ml of MBBM agar and left to 
solidify. In a tube, 2.5 ml of 0.75% MBBM agar was combined with 1 ml of the filtered water 
sample and 300 µl of Chlorella heliozoae cells. The tube was swirled between hand palms to mix 
and poured over the solidified 1.5% MBBM agar plate. Once the top agar layer solidified, the 
plates were inverted and kept under constant light at 25°C. After a few days, if SAG 
chloroviruses were present in the water sample, plaques were formed on the plates. In the 
biosafety cabinet, 2 to 3 unique plaques were selected and transferred with a sterile toothpick and 
swirled into a 1.5 ml tube filled with Chlorella heliozoae cells. These samples were then placed 
on a spinning wheel for 1 day to propagate. The resulted lysates were serially diluted to 10-6 in 
Virus Suspension Buffer (VSB) [50 mM Tris HCl, 10 mM MgCl2, pH 7.8] and 100 µl of the 
virus sample was assayed. Plaque assay was repeated 2 to 3 times until uniform colonies 
appeared on the plate indicating that the virus strain was pure.  
 For the Polymerase Chain Reaction (PCR), DNA template preparation of a small portion 
of lysate (100 µl) was boiled in water for 5-10 minutes. The master mix contents and the PCR 
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reaction conditions (Table 1, 2) were selected according to the manufacturer’s recommendations 
(Phusion High Fidelity DNA Polymerase, New England BioLabs) and the melting temperature 
(Tm) of the primers (Table 3, 4). Deionized water was used as a negative control.  
Table 1. PCR Master Mix Preparation for One 50 µl tube.  
Compound Amount 
5X Phusion High Fidelity 
Buffer 10 µl 
2.5 mM dNTPs 4 µl 
25 µM Forward Primer 1 µl 
25 µM Reverse Primer 1 µl 
Phusion DNA Polymerase 0.5 µl 
DNA Template 1 µl 
Deionized Water 32.5 µl 
Total 50 µl 
 
Table 2. PCR Reaction Conditions 
Step Temperature Time 
Initial denaturation 94°C 5 minutes 
35 cycles  
94°C 1 minute 
56°C 30 seconds 
72°C 1 minute 
Final extension 72°C 15 minutes 
 
The primers used for the PCR were designed using the genomes of 13 sequenced SAG 
viruses. The Kcv gene was located within the genomes, and the sequences 450 to 500 bp 
upstream and 230 to 350 bp downstream from the Kcv gene were aligned (Supplementary 
Figures 1, 2). The conserved regions were identified inside the aligned sequences, and 5 forward 
primers and 5 reverse primers were designed and tested using a known SAG virus sample. The 
forward and reverse primers that resulted in the most product when used together were used for 
the remainder of the experiments. 
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 The PCR products were gel purified. For that, an amplified sample (20 µl) was mixed 
with a small amount of Ficoll gel loading buffer and loaded into a 1% agarose gel. The NEB log-
2 ladder was used as a standard (New England BioLabs). The gel was run at 150 volts for 1 hour, 
then imaged by exposing the gel to ultraviolet light to check for a positive result. The band of the 
amplified Kcv gene was cut from the gel and the DNA was extracted using the QIAquick Gel 
Extraction Kit following the manufacture’s instruction. The purified DNA was sequenced using 
Sanger sequencing by Genewiz®. The results were then analyzed and the Kcv gene sequence 
was collected for each sample. All the Kcv gene DNA sequences were translated into amino acid 
sequences, and all of the unique Kcv amino acid sequences were aligned. DNA and protein 
sequence alignment and phylogenetic analyses were done using Geneious 11.0.5 software, and 
the dendrogram was constructed using the neighbor-joining method.  
Results 
The DNA sequence alignment analysis upstream and downstream from the SAG Kcv 
gene helped to identify conserved regions for designing degenerative primers. Four forward and 
five reverse degenerative primers were designed (Tables 3, 4). Each primer combination was 
tested to identify the best set. The primers that worked best together were forward primer Kcv8 
Frw and reverse primer Kcv6 Rvs as well as forward primer Kcv9 Frw and reverse primer Kcv6 
Rvs (Figure 5). As a result, the primer set Kcv9/Kcv6 was selected for further research as the 
most successful at isolating the Kcv gene (Figure 6). 
 In total, 90 Kcv gene DNA sequences were obtained (Supplementary Table 1). Of those 
90 sequenced Kcv genes, there were 35 unique DNA sequences. These 35 unique DNA 
sequences were then translated into amino acid sequences for the Kcv gene (Supplementary 
Figure 3). Of the 35 now amino acid gene sequences, 26 of these sequences were unique, so 
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overall, the 90 Kcv gene DNA sequences yielded 26 unique amino acid sequences for the Kcv 
gene (Figure 7).  
The alignment analysis of 26 unique amino acid sequences demonstrated that some areas 
of the Kcv gene were more conserved, while other areas showed variability. In total, the 26 genes 
had changes in 125 of the 249 nucleotides generating 25 amino acid alterations in the SAG Kcv 
protein. The more conserved areas of the Kcv gene were the slide helix, turret, pore helix, and 
filter. The areas that showed the most variability were the outer helix and inner helix. The 
previously sequenced SAG Kcv form 2 distinct phylogenetic groups with a distance of 0.18 
substitutions. While most of the newly sequenced Kcvs are close relatives of previously 
sequenced ones and divided between these two groups, SAG Kcvs isolated from Germany water 
samples formed a separate cluster with a distance of 0.332 substitutions from the rest of the SAG 
Kcvs (Figure 8). When a phylogenetic tree was constructed using the DNA sequences, there 
were 2 phylogenetic groups separating the German isolates from the rest of the isolates separated 
by 0.408 substitutions (Figure 9).  
Table 3. Forward Primers  
Name Sequence Position GC Content (%) Tm (°C) 
Kcv6 Frw CTT TAG YYT TYY TCK GVC -366 34 49 
Kcv7 Frw CTT TAG YYT TYY TCK GVC G -3366 38 54 
Kcv8 Frw GAA GCA GGY ACC ACT TTA G -379 47 53 
Kcv9 Frw GCA GGY ACC ACT TTA G -376 50 47 
GENETIC DIVERSITY OF POTASSIUM ION CHANNEL PROTEINS ENCODED BY 
CHLOROVIRUSES THAT INFECT CHLORELLA HELIOZOAE 
13 
Table 4. Reverse Primers  
Name Sequence Position GC Content (%) Tm (°C) 
Kcv6 Rvs CRC RGM ATR TRT CAT TTG WCC C +256 48 64 
Kcv7 Rvs CTT ACR CRG MAT RTR TCA TTT G +259 39 56 
Kcv8 Rvs CTT ACR CRG MAT RTR TC +264 44 44 
Kcv9 Rvs HKB YMC GAT CTT ATA CAC +292 39 45 
Kcv10 Rvs CAT TTC TTA CRC RGM ATR TRT C +264 39 55 
 
 
Figure 5. Gel electrophoresis of PCR products using various primer combinations of SAG Kcv 
gene.  
 
L   1     2     3     4     5    6     7     8    9    10
L    11   12  13   14   15   16  17   18   19   20
Lane Primer combination 
L Neb 2-log DNA ladder 
1 Kcv6 Frw, Kcv6 Rvs 
2 Kcv6 Frw, Kcv7 Rvs 
3 Kcv6 Frw, Kcv8 Rvs 
4 Kcv6 Frw, Kcv9 Rvs 
5 Kcv6 Frw, Kcv10 Rvs 
6 Kcv7 Frw, Kcv6 Rvs 
7 Kcv7 Frw  Kcv7 Rvs 
8 Kcv7 Frw, Kcv8 Rvs 
9 Kcv7 Frw, Kcv9 Rvs 
10 Kcv7 Frw, Kcv10 Rvs 
11 Kcv8 Frw, Kcv6 Rvs 
12 Kcv8 Frw, Kcv7 Rvs 
13 Kcv8 Frw, Kcv8 Rvs 
14 Kcv8 Frw, Kcv9 Rvs 
15 Kcv8 Frw, Kcv10 Rvs 
16 Kcv9 Frw, Kcv6 Rvs 
17 Kcv9 Frw, Kcv7 Rvs 
18 Kcv9 Frw, Kcv8 Rvs 
19 Kcv9 Frw, Kcv9 Rvs 
20 Kcv9 Frw, Kcv10 Rvs 
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Figure 6. Gel electrophoresis of SAG Kcv gene PCR products from various water samples using 
Kcv9/Kcv6 primer set. 
Figure 7. Protein sequence alignment of unique SAG Kcv genes using Geneious 11.0.5 software. 
Lane  Virus Strain  
L Neb 2-log DNA ladder 
C Control (DI water) 
1, 2 Smith La 
3, 4 PI R L m 
5, 6 Pl R O L 
7, 8 Pl R O m 
9, 10 SPR L 
11, 12 SPR m 
13, 14 SPR s 
15, 16 NPR L 
17, 18 NPR m 
19, 20 NPR s 
21, 22 Somers m 
23, 24 Somers s 
25, 26 TN603 









Conserved Variability Variability 
Slide Helix Outer Helix Inner Helix Pore Helix Turret Filter 
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Figure 8. Phylogenetic tree of SAG Kcv protein. Analysis of phylogenetic relationships was done 
with Geneious 11.0.5 software. The dendrogram was constructed using the neighbor-joining 
method. The bar indicates 3% divergence and branch length shows dissimilarity between strains. 
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Figure 9. Phylogenetic tree of SAG Kcv gene. Analysis of phylogenetic relationships was done 
with Geneious 11.0.5 software. The dendrogram was constructed using the neighbor-joining 
method. The bar indicates 3% divergence and branch length shows dissimilarity between strains. 
Discussion 
The results demonstrated that the Kcv gene is ubiquitous among viruses that infect 
Chlorella heliozoae. Potassium ion channels were successfully isolated and sequenced from 
every SAG virus isolate. Due to the role K+ channels play in chlorovirus infection and 
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reproduction by depolarizing the host cell membrane, it is not surprising that Kcv genes were 
found in all of the samples (Mehmel et al., 2003). Since the Kcv protein is so essential for 
successful virus replication and ubiquitous among chloroviruses, they are expected to be 
conserved. The most highly conserved domain of the Kcv gene was the filter domain with the 
pore helix and turret being fairly conserved. The filter domain’s function is to act as a selectivity 
filter for the protein. This is the domain that makes sure that potassium ions are what is flowing 
through the ion channel. For the K+ channel to function properly, only K+ can flow through 
making the filter domain an essential part of the channel’s functionality. It is not surprising that 
this domain is highly conserved across all the unique Kcv sequences. The pore domain is fairly 
conserved, which was also expected. The function of this domain is to form the pore for the K+ 
to travel through when entering or exiting a cell. This structure is essential for the pore to be the 
correct size and shape (Kuang et al., 2015). If this domain was mutated rendering the K+ channel 
nonfunctional, then the virus would not be able to replicate. The outer and inner helices show the 
most variability in the amino acid sequences. These two domains allow the protein to span the 
length of the membrane since they are transmembrane domains. This allows the protein to act as 
a channel for ions to flow through. These two domains are of high importance because the 
protein can only function if it is in the membrane. As long as the amino acids in this region allow 
the protein to sit in a lipid bilayered membrane, the exact amino acids do not need to be quite as 
specific as the filter domain which accounts for the high variability in the two transmembrane 
domains.  
Of the 26 unique amino acid sequences, 18 of them were 82 amino acids long. This was 
the length expected for all SAG virus Kcv genes, but there were some outliers. Six Kcv 
sequences were 84 amino acids and 1 sequence that was 85 amino acids. The sequences with 84 
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amino acids had 2 extra amino acids in the inner helix on the C-terminus end of the protein, and 
the 85 amino acid long peptide had 3 extra amino acids on the C-terminus end. These seven 
distinct proteins were all isolated from water samples from Germany. All of the other SAG virus 
isolates were from water samples in the United States. The drastic geographic distance between 
the SAG viruses from Germany and the United States could account for this difference. The 
viruses in Germany have evolved separately from the viruses in the United States. All of the 
German virus isolates have distinct differences in their Kcv amino acid sequences that vary from 
the other sequences but is highly conserved in the SAG viruses from Germany. What is 
interesting is that ATCV-1 was also collected from the same water source as the other German 
isolates but many years earlier, and ATCV-1 is more similar to isolates from the United States 
and Chile than the German isolates. Whether or not isolates from water samples collected in 
geographically distinct regions having distinct differences is a trend seen worldwide, more 
testing would need to be done on SAG viruses from other distinctly different areas of the world. 
There was one other significant outlier that had a sequence of 87 amino acids from a SAG virus 
isolate from New York. This virus has a Kcv gene with 5 amino acids added to the N-terminus of 
the protein. This is the only sequence that had an N-terminus addition. To check if this was an 
isolated incident, more testing would need to be conducted. We suspect that this is an isolated 
incident since all of the other SAG viruses isolated from across the United States all have 
sequences of 82 amino acids. Also, this 87 amino acid Kcv actually had an internal codon that 
codes for methionine that would create an 82 amino acid Kcv. Therefore, we suspect that this 
internal start site is the correct one.  
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Conclusion 
 Chloroviruses that infect Chlorella heliozoae are ubiquitous in freshwater, and 
interestingly, they have a Kcv gene encoding one of the smallest K+ channels ever discovered. 
The Kcv gene was isolated from all 90 SAG viruses collected since it is essential for chlorovirus 
host infection. Of all the isolated Kcv genes, the pore and filter domains were the most conserved 
since they are the most crucial domains for the protein to function properly. SAG virus K+ 
channels are a great tool to use to study all K+ channels due to their simplistic nature. By 
studying Kcv genes, we can better understand a broad range of K+ channels in all organisms. 
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Supplementary Data 
Supplementary Figure 1. Upstream 494 to 445 bp from Kcv gene star, aligned DNA sequences of 
previously known SAG viruses using Geneious 11.0.5 software for designing forward primers. 
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Supplementary Figure 2. Downstream 231 to 350 bp from Kcv gene start, aligned DNA 
sequences of previously known SAG viruses using Geneious 11.0.5 software for designing 
reverse primers.
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Supplementary Figure 3. Unique DNA sequence alignment using Geneious 11.0.5 software. 
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Supplementary Table 1. All Kcv DNA sequences.  
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